Several transporters have been localized along the nephron by physiological methods or immunocytochemistry. However, the actual abundance of these molecules has not been established. To accomplish this goal, we have developed a fluorescence-based ELISA method and have used it to quantitate Aquaporin-CHIP (AQP-CHIP) water channel protein in rat kidney tubules. Microdissected tubules (2 mm/sample, permeabilized with 0.5% Triton X-100) or purified AQP-CHIP standards (0-200 fmol) were utilized in a fluorescence ELISA protocol after covalent immobilization on epoxy-activated Sepharose beads. The lower limit of detection was 2.4 fmol of AQP-CHIP. Preabsorption with excess purified AQP-CHIP or use of nonimmune serum eliminated the signal. In proximal segments, the measured AQP-CHIP was linearly related to tubule length (1-10 mm). The measured AQP-CHIP was (mean±SE, fmol/mm): S-1 proximal, 
Introduction
The renal tubule is composed of a series of distinct segments, each with specialized transport function. The multiplicity of renal tubule segments allows the kidney to simultaneously regulate the excretion of numerous substances (1) . The character of each individual renal tubule segment with regard to transport capacity for various substances is determined by the extent of expression of corresponding transporter proteins, e.g., Na, KATPase, glucose transporters, ion channels, and water channels. Although the relative expression of various transporters has been evaluated by physiological methods or by immunohistochemistry, quantitative methods for measurement of the abundance of the transporters in individual tubule segments have not been available. In this paper, we describe an approach capable of measuring the amounts of specific proteins in microdissected renal tubules and apply it to measurement of the abundance of the water channel Aquaporin-CHIP (AQP-CHIP)1 along the nephron.
AQP-CHIP is a molecular water channel expressed in kidney, erythrocytes, choroid plexus of the brain, and several other tissues (2) . Immunohistochemical studies of kidney have demonstrated that it is found in both the renal proximal tubule and descending limb of Henle's loop (3) (4) (5) where it is proposed to play an important role in fluid absorption. After the identification of AQP-CHIP and the cloning of its cDNA, several analogous aquaporins that are expressed in the kidney have been identified (6) . Measurement of the abundance of these water channel proteins in nephron and collecting duct segments is an important goal which, when met, will allow an assessment of the functional roles of these proteins in the mediation of water transport in each segment. The fluorescence-based ELISA method for quantification of AQP-CHIP in microdissected tubules described in this paper has a detection threshold of 2.4 fmol, a sensitivity sufficient to allow for quantification of AQP-CHIP in 1-2 mm of microdissected tubules. We apply the method to address whether the levels of AQP-CHIP expression in the proximal tubule and thin descending limb are sufficient to account for water permeabilities measured in isolated perfused tubules.
Methods
Antibodies and purified AQP-CHIP. AQP-CHIP protein was purified as described previously (7) . The concentration of AQP-CHIP in the stock solution used for standards was measured by the BCA method (Pierce, Rockford, IL). Residual reducing activity due to dithiothreitol was removed by bubbling the solution with 100% 02-1. Abbreviations used in this paper: AQP-CHIP, aquaporin-CHIP; CD, collecting duct; DTL, descending thin limb; MUG, 4-methylumbelliferyl-f3-D-galactopyranoside.
All antisera were used at a 1:500 dilution unless indicated otherwise. Rabbit anti-human AQP-CHIP serum (anti-AQP-CHIP) was characterized previously (5 (8) and as briefly reiterated in the following. The rats were injected with furosemide (5 mg intraperitoneally) 30 min before decapitation. To perfuse the left kidney in isolation, the abdominal aorta was cannulated with polyethylene tubing (PE90) below the left kidney and was ligated above the left renal artery. The kidney was perfused initially with 10 ml ice-cold bicarbonate-buffered physiological saline. This solution was equilibrated with 95% 02/5% C02. Next, the kidney was perfused over 10 min with 23 ml of bicarbonate-buffered physiological saline containing 2 mg/ml of collagenase (collagenase B; BoehringerMannheim Biochemicals, Indianapolis, IN). The perfused kidney was resected and a coronal slice of kidney containing the cortico-papillary axis was transferred to bicarbonate-buffered physiological saline containing 2 mg/ml collagenase for 15 min at 37°C with agitation on a rotary shaker. The tissue was washed with chilled Hepes-bufferend physiological saline and transferred for microdissection.
Tubule microdissection. Nephron and collecting duct segments were dissected from collagenase-treated tissue as described previously (8, 9) . Briefly, the tubules were teased from either cortex, outer medulla, or inner medulla using Dumont No. 5 forceps under a Wild M-8 dissecting microscope in transmitted-light mode. The dissection medium was Hepes-buffered physiological saline at 12°C. The terminology and abbreviations used for proximal tubule and loop of Henle segments are summarized in Fig. 1 . The tubule segments were identified by their appearance and location based on previously described criteria (9) . Collecting ducts (CD) are referred to by their region of origin (cortex, CCD; outer medulla, OMCD; inner medulla, IMCD). The lengths of individual microdissected segments were determined using a calibrated eyepiece micrometer. The tubules were transferred from the dissection dish to ELISA microplates in 5 ,ul of dissection fluid using a small glass capillary.
ELISA. AQP-CHLP was quantified by an ELISA with fluorescence endpoint as described in the following. The assay uses filter-bottom 96-well microtiter plates (MultiScreen-HV; Millipore Corp., Bedford, MA). In these plates, the filter bottom is constructed of hydrophilic Durapore membranes (0.45 um pore size) selected for low protein binding. Filter-bottom plates allow rapid washing and solution exchange through use of a vacuum manifold (MultiScreen vacuum manifold; Millipore Corp.). 10 mg of epoxy-activated Sepharose (6B; Pharmacia LKB Biotechnology, Piscataway, NJ) was mixed with 1 ml of water and agitated for 15 min at room temperature. 10 01 of this suspension was transferred per well of the 96-well plate, followed by five washes with 200 k1. of water. Just before introduction of standards or samples, the fluid was removed by filtration. For standards, known quantities of purified AQP-CHIP dissolved in 10 jil of 0.5% Triton X-100/Hepes buffer (with 0.01% NaN3) were transferred to individual wells preloaded with epoxy-activated Sepharose. For tubule samples, microdissected tubule segments were transferred in 5 Ml Hepes dissection buffer into wells preloaded with 5 sl of 1% Triton X-100/Hepes containing 0.02% NaN3, giving a final Triton X-100 concentration of 0.5%. The optimal Triton X-100 concentration was determined experimentally (see Results). After the standards or samples were incubated for 1 h at room temperature, 40 Il of 2 M potassium phosphate (pH 8; containing 0.01% NaN3) was added. The microtiter plate was then incubated overnight at room temperature with agitation on a rotary shaker to allow the immobilization reaction to occur.
After overnight incubation, each well was washed once with 2 M potassium phosphate and then incubated with 1 M ethanolamine dissolved in 0.1 M potassium phosphate (pH 8) for 6 h at room temperature to inactivate the residual active sites of the epoxy-activated Sepharose. Unbound ethanolamine was washed away by sequential washes with 0.1 M acetate buffer (pH 4, in 0.5 M NaCl) and 0.1 M Tris/HCl buffer (pH 8, in 0.5 M NaCl), repeated twice. Next, 50 ,ld of a 1:500 dilution of anti-AQP-CHIP in sodium phosphate buffer was added to each well, and the microplate was incubated overnight at 40C with agitation on a rotary shaker.
After overnight incubation, each well was washed three times with sodium phosphate buffer. Next, donkey anti-rabbit immunoglobulin conjugated to 3-galactosidase (Amersham Corp., Arlington Heights, IL) was added to each well at a 1:2,000 dilution in sodium phosphate buffer, and the samples were incubated for 1 h at room temperature.
Then, the samples were washed again three times with 200 Ml of sodium 
Results
Effect of Triton X-100 concentration on AQP-CHIP detection. The anti-AQP-CHIP recognizes predominantly the COOH-terminal tail of AQP-CHIP which is located in the cytoplasm (5). Thus, the assay requires a means of exposing the intracellular domains of AQP-CHIP to the antibody. The cells are undoubtedly permeabilized by osmotic shock as demonstrated previously (10) as the tubules are transferred into the hypotonic Triton/Hepes solution followed by exchange to 2 M potassium phosphate. In addition, we use detergents to assure permeabilization and partial solubilization of AQP-CHIP in microdissected tubules. Preliminary studies indicated that Triton X-100 was more effective than either SDS or Tween 20 for this purpose. Fig. 2 shows the effect of Triton X-100 concentration on the fluorescence signal obtained by application of the ELISA to microdissected S-3 proximal tubules. The signal was maximized at low values of Triton X-100 concentration (0-0.5%). Subsequent studies used 0.5% Triton X-100.
Specificity. Fig. 3 shows the signals obtained with purified AQP-CHIP standards and microdissected S-3 proximal tubules using anti-AQP-CHIP, anti-AQP-CHIP preabsorbed with purified AQP-CHIP, and with nonimmune rabbit serum as the primary antibody in the ELISA protocol. As shown, the signal was decreased 90% or more with preabsorbed or nonimmune serum, indicating a high degree of specificity of the assay. Standard curve. A standard curve was generated for each assay. Fig. 4 shows a typical standard curve using purified AQP-CHIP. The detection limit (defined as three standard deviations above the background signal) was seen at -2.4 fmol (or 68 pg). The background signal averaged 5.18±0.39 X 106 cps for all experiments. The coefficient of variation ranged from 9 to 18% for all standards. In general, standards were not run above 200 fmol because fluorescence self-quenching occurred at very high fluorescence levels (i.e., > 70 X 106 cps).
Dependence on tubule length. If the ELISA method yields an unbiased measure of the quantity of AQP-CHIP protein, the total amount of AQP-CHIP detected should be linearly related to tubule length. Fig. 5 shows the measured AQP-CHIP in different lengths of S-3 proximal tubule ranging from 1 to 10 mm. As shown, the relationship between AQP-CHIP detected and tubule length was approximately linear, supporting the validity of the assay.
Quantification of AQP-CHIP along the renal tubule. The quantity of AQP-CHIP protein was measured in 14 different renal tubule segments dissected from the kidneys of 5 normal rats. Fig. 6 shows the results obtained in proximal tubule and loop of Henle segments expressed as femtomoles of AQP-CHIP per millimeter length of tubule. Values were above the nominal detection limit (2.4 fmol) only in the three proximal segments (S-i, S-2, and S-3) and in the three thin descending limb segments (DTL-1, DTL-2, and DTL-3). Values were highest in the two thin descending limb segments associated with longloop nephrons (DTL-2 and DTL-3). Expressed as number of molecules per tubule length, the values were (molecules/mm x 109): S-1, 6.5+1.3; S-2, 6.0±1.4; S-3, 12.8+1.9; DTL-1, 7.8_2.8; DTL-2, 52.1±_ 11.7; DTL-3, 25.9±6.8. In the ascending limb segments (ascending thin limb, medullary thick ascending limb, and cortical thick ascending limb), AQP-CHIP was undetectable. Furthermore, in distal convoluted tubule (n = 4), connecting tubules (n = 3), cortical collecting ducts (n = 5), outer medullary collecting ducts (n = 6), and inner medullary collecting ducts (n = 6), the AQP-CHIP was below the detection limit.
Discussion
ELISA method. The investigation of renal function has benefitted in the past from scale-down of standard approaches to a sensitivity level applicable to short segments of microdissected Extensive preliminary studies were carried out to optimize the sensitivity and detection limit of the assay. The factors considered included: the type and concentration of detergent used for permeabilization of tubules, the choice of immobilization medium, the immobilization conditions, the conditions for exposure to the primary antibody including the dilution factor, the concentration of secondary antibody, and the conditions for incubation with the fluorescent substrate (MUG). Among these, the conditions for permeabilization and immobilization appear to be the most critical. The permeabilization is accomplished in part by osmotic shock, abetted by the addition of a nonionic detergent, Triton X-100, to the permeabilization medium. The use of detergents, however, necessitated a covalent immobilization procedure since detergents can markedly impair noncovalent interactions with hydrophobic membranes. The immobilization was enhanced by use of a hypertonic immobilization medium (2 M potassium phosphate) as described previously ( 11) . High concentrations of Triton X-100 markedly diminished the fluorescent signal from microdissected tubules (Fig. 2) , possibly by interfering with the immobilization process. AQP-CHIP quantitation in single renal tubule segments. The qualitative pattern of AQP-CHIP expression along the renal tubule is in complete agreement with prior immunohistochemical studies (3) (4) (5) . Measurable expression was seen only in the proximal tubule and thin descending limb of Henle's loop, consistent with the view that AQP-CHIP is the major water channel of the nephron segments whose cells have constitutively high osmotic water permeability values. The absence of measurable AQP-CHIP in the ascending limb of the loop of Henle, in the distal convoluted tubule, and in the connecting tubule is consistent with the low epithelial osmotic water permeability values measured in these segments (12) . Furthermore, the absence of measurable AQP-CHIP in collecting duct segments is consistent with immunocytochemical findings (5) in a segment whose vasopressin-dependent water permeability is believed to be attributable to a different water channel, AQP-CHIP (13, 14) . Thus, from a qualitative point of view, our results are wholely confirmatory of prior immunolocalization studies. Quantitatively, the highest level of expression of AQP-CHIP (normalized by tubule length) was found in the descending thin limbs of the long loop of Henle, both the outer medullary (DTL-2) and inner medullary (DTL-3) segments. Osmotically driven water absorption from these segments is thought to play a cru- scending limb of short loops of Henle (DTL-1 ) was low relative to that seen in the long-loop descending limbs. This observation is consistent with recent immunohistochemical findings showing a marked decrease in AQP-CHIP labeling in the late portion of DTL-1 (15) . Unfortunately, this segment is difficult to perfuse in vitro and insufficient information is available to judge whether the water permeability is significantly lower in DTL-1 than in DTL-2 (16). Aside from the thin descending limb, the other major site of AQP-CHIP expression in the kidney is the proximal tubule. Substantial levels of AQP-CHIP were detected in all three proximal tubule subsegments (S-i, S-2, and S-3). The proximal tubule is the major site of water absorption along the nephron, accounting for approximately two-thirds of renal water absorption. Fluid absorption occurs virtually isosmotically in the proximal tubule because the high epithelial water permeability allows rapid water fluxes in response to miniscule osmotic gradients. Consequently, when NaCl is actively absorbed, water follows efficiently. Thus, the high level of AQP-CHIP expression in the proximal tubule is critical to the efficient absorption of the glomerular filtrate. The higher level of AQP-CHIP in S-3 than in S-1 and S-2 proximal tubules correlates well with the apparently higher density of labeling in S-3 seen by immunohistochemistry (5). Although our ELISA detects a substantial quantity of AQP-CHIP in the proximal tubule, the amount appears low in comparison with levels seen in the long-loop descending limb. This raises the question of whether the proximal tubule contains a sufficient level of AQP-CHIP to account for the observed osmotic water permeability. Using methods optimized for the accurate determination of osmotic water permeability in the proximal tubule, both Preisig and Berry (17) and Green and Giebisch ( 18) AQP-CHIP in the S-I proximal tubule. Since this value is larger than the measured values in the proximal convoluted tubule, 1,000-1,500 ,um/s (17, 18) , it follows that the measured AQP-CHIP is adequate to account for the measured permeability. However, the calculation does not rule out the existence of another water channel that could contribute to the overall water permeability of the proximal tubule. Such a possibility is supported by the recent identification of three human subjects who do not express functional AQP-CHIP due to mutations in the aquaporin-J gene and yet do not exhibit major abnormalities in renal function (22) . Furthermore, similar calculations (which will not be repeated here) establish that the measured amount of AQP-CHIP in the DTL-2 and DTL-3 segments is sufficient to account for measured permeabilities in the range of 1,500-3,000 um/s (14, 23) .
